Peroxidase isozymes from winter wheat (Triticum aestivum L. cv Orso) seedlings extracts showed phenoloxidase-like activity, becoming visible on polyacrylamide gels also in the absence of hydrogen peroxide. The results obtained after a characterization of the two activities, based on their substrate specificity, on their selective inhibition, and on the possible occurrence of artifacts, suggested the existence of polyfunctional peroxidase isozymes. Different isozymes possessing only phenol oxidase activity were not found in the same plant material. This appears to be the first evidence of phenoloxidase-acting isoperoxidases in winter wheat.
POD2 (EC 1.11.1.7) and PO (monophenol monooxygenase, EC 1.14.18.1; laccase, EC 1.10.3.1; diphenol oxidase, EC 1.10.3.2) are mostly haeme-and copper-containing glycoproteins, respectively, which catalyze the oxidation of a large number of aromatic structures at the expense of H202 and of 02, respectively (22, 24) .
In higher plant cells, both POD and PO can occur in multiple isoforms and are considered to be cytologically and physiologically different entities (14, 22) . PO can exist in a latent state and is thought to be associated to the thylakoid membrane (22) .
It was observed that, upon staining for activity after PAGE, soluble isoperoxidases from winter wheat (Triticum aestivum L. cv Orso) seedlings leaves became visible also in the absence of H202, thus acting as PO. This unexpected behavior, together with the still open discussion generated by similar observations in other species (3, 8, 14, 15, 26, 28, 29) , led us to examine the nature and the catalytic competence of these isozymes; these two questions were studied by the action of some substances known as effectors of POD or PO and by the specificity of the two associated activities toward potential
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MATERIALS AND METHODS

Reagents
The aromatic compounds used for PAGE activity stainings and the substances used as effectors of POD and PO activities were of the highest purity available and were obtained from Aldrich (Steinheim, F.R.G.), BDH (Poole, U.K.), Fluka (Buchs, Switzerland), Merck (Darmstadt, F.R.G.), Serva (Heidelberg, F.R.G.), and Sigma (St. Louis, MO.); dioxane was from Fluka. Catalase (EC 1.11.1.6) from bovine liver, peroxidase from horseradish, superoxide dismutase (EC 1.15.1.1) from bovine erythrocytes, and tryosinase from mushrooms were from Sigma; BSA was from Merck; Triton X-100 was from Bio-Rad (Richmond, CA.). PAGE chemicals were from BDH, Bio-Rad, and Sigma.
Plant Material and Tissue Extraction Procedure
The seeds of Triticum aestivum L. cv Orso, purchased from a local market, were soaked for 24 h in running tap water. Swollen seeds were sown on plastic nets suspended on plastic containers (about 200 seeds per container). Plants were grown in a controlled-environment chamber (16 h (17) .
Shoot samples of 10-to 20-d-old seedlings were collected 2 h after the beginning of the photoperiod; 2 g of the shoot samples were ground with a pestle in an ice-cold mortar with 8 mL of 50 mm sodium phosphate buffer (pH 7.00) containing 5 mm 2-mercaptoethanol, 2 mm DTT, 2 mM Na2-EDTA, 0.5 mM PMSF, 1% (w/v) BSA, and 1% (w/v) insoluble polyvinylpyrrolidone (Polyclar AT). The supernatant obtained after filtration by four layers of cheesecloth and centrifugation at 39,000g for 30 min was used as an enzymic source. This extract was assayed for soluble protein content according to the method of Bensadoun and Weinstein (2); POD activity was measured according to the method of Maehly and Chance (21), using guaiacol as hydrogen donor. In control experi-ments, Triton X-100 was added to the supernatant (0.05% w/v) and to the corresponding pellet (1% w/v) in order to improve the extraction of membrane-associated enzyme activities. After a rapid ultrafiltration by means of Unisep Ultracent-10 cartridges (mol wt cutoff 10 kD, Bio-Rad), intact and Triton-treated fractions were separately submitted to native PAGE.
As indexes of chloroplast disruption, total Chl content and Rubpcase (EC 4.1.1.39) activity were measured in all fractions, following the methods of Moran (23) (29) . Wheat IAAO and catalase isozymes were stained following the procedures of Frenkel (13) and of Clare et al. (5), respectively. Ascorbic acid, AT, CTAB, DDTC, mannitol, oxalic acid and tropolone were dissolved in Tris HCl-dioxane pH 7.40, their final concentrations ranging from 4.5 to 10 mM; oxalic acid was also tested at pH 5.50 (25) . Gels were dipped into these solutions 20 min before adding the staining substrates.
CAT (specific activity 1 1,000 units mg protein-') and SOD (specific activity 3250 units mg protein-') were dissolved in 50 mM Tris-HCl buffer pH 7.40 (1, 20 or 100 ,ug mL-') and left in contact with the gels for 60 min before staining.
The possible uncontrolled production of H202 during PO staining was checked by dipping control and AT-pretreated gels in 40 mM L-DOPA and collecting 1.0 mL samples after 0, 0.5, 1, 2, 5, 10, 20, and 60 min incubation. These samples were then immediately assayed for H202 by the following methods: (a) catalytic assay in the presence of CAT (1), (b) formation of colored complexes with titanium (IV) salts (12) , and (c) by the procedure of Huang et al. (18) and the ferric salts was measured at 745.2 nm after 24 h incubation in stoppered tubes in the dark and compared with a previously determined calibration curve. This last method was the most sensitive, 1 AM H202 being the lowest detectable concentration.
Each activity staining and any other procedure on gels was replicated twice.
RESULTS AND DISCUSSION
The results reported here refer mainly to soluble and/or to lightly membrane bound POD/PO isozymes.
Intact and Triton X-100-treated fractions of the crude supernatants exhibited similar total Chl content (about 35 ,ug mg protein-') and Rubpcase activity (about 4 units mg protein-'). In the corresponding pellet, the respective values were about 110 ,g mg protein-' and about 0.8 units mg protein-'.
A complete POD isozymic distribution after PAGE is shown in Figure 1 . The pattern did not appear when wheat extracts were heated in boiling water for 2 min, submitted to PAGE, and then stained or when, after PAGE, gels were boiled for 10 min before being stained.
All the compounds followed by the notation '+' in Table I caused, in 30 to 60 min, the staining of at least one of the isozymes shown in Figure 1 , multiple plus indicating an increased pattern intensity. A much slower visualization (8-10 h ) was observed with L-tyrosine. in producing PAGE zymograms was wider in the presence than in the absence of H202. PO-stained isoforms showed the same mobility of the corresponding ones stained for POD activity but the presence of H202 caused an intensification of the pattern. This last effect was not observed by adding H202 to PO-stained gels previously heated at 100°C for 10 min.
Intact and Triton-treated extracts did not differ in their POD/PO zymograms stained with guaiacol or L-DOPA, respectively. With the same hydrogen donors, ultrafiltration of the crude extracts did not modify the POD/PO zymograms obtained.
Some relationships between substrate structures and the staining of PO-acting isoperoxidases can be inferred from Table I: (a) The presence of at least one phenolic group appeared to be essential for the visualization of PO-acting isoforms (Nos. (f) By following the staining procedure described by Frenkel (13) , IAAO activity pattern was found to be identical to the zymogram of Figure 1 (No. 44 in Table I ). However, 2,4-dichlorophenol, which is employed in the coupled oxidation leading to IAAO visualization, was itself effective in staining all POD isozymes and slow-migrating PO-acting isoforms (No. 45); this evidence casts some doubt on the specificity of the IAAO-staining procedure.
(g) Both enzymic functions possessed the ability of abstracting an hydrogen atom from ABTS molecule (No. 46), probably leading to the formation of a resonance-stabilized chromogenic radical cation.
(h) The results obtained with L-tyrosine (No. 7) broke two rules: it was the only hydrogen donor which caused the appearance of VLM-a PO-acting isoform but not of the corresponding POD one. Also, it was the only monophenolic structure effective as staining substrate in the absence ofH202. It is known that tyrosinase, acting as an oxygenase, hydroxylates L-tyrosine to 3,4-L-DOPA which can be oxidized to DOPA-quinone and finally incorporated into a chromogenic polymer. On the other hand, peroxidase-peroxide system acts on L-tyrosine by forming an o-o'-biphenyl-linked dimer ('dityrosine') (27), which could not be a good candidate to form chromogenic polymers.
To explain the anomalies observed with L-tyrosine, it is proposed that in the absence of H202, VLM-a isoform acted as a tyrosinase by transforming L-tyrosine into L-DOPA, being this last oxidized either by VLM-a itself, with a diphenoloxidase mode of action, and/or nonenzymically. The final result could have been a slow visualization of VLM-a, as it actually was. On the other hand, in the presence of H202 VLM-a could have acted as a peroxidase, an achromogenic and/or water soluble oxidation product being formed.
To verify the nature of the supposed bifunctional PODisoforms, the possible occurrence of artifactual PO staining and the discriminating action of some effectors of PO activity were evaluated (Table II and III) .
Artifactual PO staining could have been developed in the presence of peroxide traces in the incubation media (29) and/ or if H202 had been produced by the spontaneous autoxidation of hydrogen donors in the presence ofwater (27) . Besides, PODs can form H202 providing that suitable electron donors, such as IAA, NAD(P)H or sulfite, and Mn>2 ions were present. This reaction proved to be inhibited by free superoxide radical scavengers, such as dihydroxyphenols and SOD, and stimulated by monophenols (9, 16) . Once formed, this H202 could have been utilized by POD itself, producing false PO activity stainings.
It should be considered, however, that: (a) by employing three different assay procedures, no evidence of H202 production was obtained during the staining of the gels for PO activity. This same result was obtained also when endogenous catalase was inhibited by the presence of AT (1); (b) a large excess of added CAT did not prevent the staining of POacting POD isozymes (Table II) , though reducing the speed and intensity of their visualization. This effect, reversed by the presence of AT, was explained in terms of competition for the hydrogen donor since also CAT isozymes were found able to oxidize L-DOPA in the absence of H202 (data not shown). These PO-acting CAT isozymes were the same which stained intensely in the presence ofguaiacol and H202; (c) the presence of electron donors and metal cofactors in the gels was thought to be unrealistic after PAGE. Besides, both dihydroxyphenols (Table I) and SOD (Table II) failed to affect PO-staining of POD isozymes.
Thus, the reported results suggest that H202 was not involved in the visualization of PO-acting isoperoxidases.
The autoxidation of hydrogen donors could also have lead to the production of partially reduced 02 species, such as 02 and/or OH, promoting the formation of chromogenic polymers via radical chain reactions. However, dihydroxyphenols (Table I) are considered powerful scavengers of activated oxygen species (9) and both mannitol, a proper OH scavenger (4), and SOD did not affect the activity stainings (Table II) . Hence, it can be suggested that activated oxygen species were not involved in the visualization of PO-acting POD isoforms. This confirms the conclusions of Yamazaki and Yamazaki (30) and of Kahn et al. (19) concerning the reaction mechanisms of POD-IAAO system and of cathecol oxidase, respectively.
As reported in Table III , changing the staining pH or using a specific staining procedure (29) did not evidentiate any genuine PO isoform.
Ascorbic acid and DDTC, typical copper chelators (22) , did not prevent the staining of the zymograms in the absence of H202 (Table III) . This result confirms the observations of Grison and Pilet (15) Another line of evidence supporting the existence of proper POD isozymes with PO-ability was obtained with tropolone (Table III) . Kahn (20) showed that tropolone is a powerful inhibitor of TYR and is a good substrate for HRP. Thus, the use of this molecule to differentiate the two activities in plant extracts was suggested. In the present experiments, after PAGE TYR revealed at least 10 isoforms in the presence of guaiacol or L-DOPA. The addition of H202 did not affect both the intensity and the visualization speed of the pattern. With L-tyrosine as substrate, only intermediate-mobility isoforms appeared; their visualization was completely prevented by a preincubation of the gels with 5 mM tropolone. However, tropolone did not inhibit L-tyrosine oxidation brought about by VLM-a isoform (Table III) . This could further confirm its nature of proper and bifunctional POD isozyme.
PO-acting isozymes were also present in pure commercial POD preparations (HRP): with L-DOPA as substrate, at least six slow migrating isoforms stained both in the presence and, less intensely, in the absence of H202.
CONCLUSIONS
The data reported here appear to be the first evidence of POD isozymes which can all behave as PO (with tyrosinase, laccase, and diphenoloxidase activities) and as IAAO in T.
aestivum leaves.
The range of aromatic structures which acted as substrates of the PO-like function was comparable to that of proper and fully characterized PO from fungi (1 1) and appeared to be wider than that of PO-acting isoperoxidases from maize roots (15) .
The physiological implications, if any, of POD polyfunctionality remain unknown. However, this property could be of use under some conditions; for example, during lignin biosynthesis, the peroxidase-(16) or amino oxidase-mediated (10) H202 formation could become locally and/or transiently limited by a reduced availability of electron donors and/or cofactors. In this situation, a hypothetical PO-acting cell-wall POD could help, as being capable of utilizing also 02 to catalyze the free-radical mediated condensation of cinnamyl derivatives.
The apparent lack of genuine PO isozymes in winter wheat
